Copyright and moral rights for the publications made accessible in the UWS Academic Portal are retained by the authors and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. This is an Open Access item distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.
tial strength is empirically determined from the energy difference, so , between either proton or neutron orbits of angular momentum > 1, which split into " j-upper" j > = + 1/2 and " j-lower" j < = − 1/2 partner orbits. The inclusion of a SO potential term in the nuclear shell-model Hamiltonian [5] was paramount to reproduce the established magic numbers and the shell gaps. In recent years, the SO interaction has elicited new interest due to its implications for the structure of neutron-rich nuclei, which exhibit dramatic structural changes away from the valley of stability [6] [7] [8] . Many of these changes have been attributed to the nucleon-nucleon tensor force [9] , which acts with opposite sign on j > and j < orbits. The contribution of the SO interaction, however, still needs to be clarified. Various theoretical approaches, such as relativistic mean-field [10] or calculations based on realistic nucleon-nucleon potentials [11] , predict a weakening of the SO interaction in neutron-rich nuclei, which would lead to smaller SO energy splittings ( so ). Conversely, Hamamoto et al. [12] predict the so of weakly bound orbits in light, neutron-rich nuclei to decrease due to the extended radial wavefunctions of neutron orbits, with no reduction of the SO potential strength. Experimentally, the authors of Ref. [13] questioned whether a weakened SO interaction could provide a possible explanation for the shifts of single-particle energies determined in their work for the odd-mass Sb isotopes; however, the effects of the tensor force can also convincingly describe the same data [14] . Recently, Burgunder et al. [15] studied the behavior of states with a strong single-particle character based on the 2p 3/2 − 2p 1/2 neutron orbits outside of the N = 20 closed shell, populated via neutron-adding reactions in N = 21 isotones 41 Ca, 37 S and 35 Si. They derived a 25% reduction in the so of the 2p orbits between 37 S and 35 Si, and attributed this reduction to the different strength of the two-body SO term of the matrix elements between protons in the 2s 1/2 and neutrons in the 2p 3/2 and 2p 1/2 orbits. An alternative explanation of the same data has been given by Kay et al. [16] : they attribute instead the reduced so to the low binding energy of the 2p states, and describe the data using a one-body Woods-Saxon potential without assuming a reduced SO potential strength, in analogy to Ref. [12] . The comparison of different nuclei, 37 S and 35 Si, requires, in the approach of Ref. [15] , to isolate the effects of the SO interaction from those of the tensor force and, in Ref. [16] , that the depth of the potential be adjusted to reproduce the different nuclear binding energies of the 35 Si and 37 S isotopes.
In this Letter, we present an original viewpoint which removes the uncertainties linked to the comparison of different systems, by analyzing the so of different pairs of neutron partner orbits in the same neutron-rich, doubly magic nucleus, 132 Sn. Fig. 1 ) are expected to correspond to single-particle or single-hole proton and neutron configurations across the Z = 50 and N = 82 shell gaps. This assumption needs to be tested by determining their spectroscopic factors (S), a meaningful indicator of the purity of their single-particle(hole) character. Prior to this work, the spectroscopic factors of single-particle states in 133 Sn were determined [18] for levels based on the 2 f and 3p orbits above the N = 82 shell gap (see Fig. 1 ), 14 years after the first Further interest in studying the energies of single-particle states near 132 Sn is due to their importance for determining abundances from rapid neutron-capture (r-process) nucleosynthesis models, which are sensitive to neutron-capture cross sections on currently inaccessible nuclei [33] . A weakening of the SO interaction would lead to significant shifts in the single-particle energy spectrum, and predicting where these states lie in nuclei that cannot be studied experimentally is crucial. Direct-Semi Direct (DSD) neutron capture, which is considered to be the dominant mechanism beyond shell closures [34] , is critically sensitive to the energies of low-single-particle states, which could display a reduced energy splitting. Variations in DSD cross sections of 2-3 orders of magnitude have been shown to arise from different nuclear structure models, based largely on whether the low-states are predicted to be bound to neutron decay [20] . one, which almost doubled the counting rates without affecting significantly the energy resolution. The target thicknesses were measured from the energy loss of alpha particles from a 244 Cm alpha source, with an overall error < 10%. The experiment lasted nearly five days. The SuperORRUBA array of segmented Si telescopes [39] was used to detect tritons from the (d, t) reaction. The array comprised of seven E-E telescopes from the ORRUBA array [40] to identify the light ejectiles and four additional E detectors to monitor elastically-scattered deuterons for beam normalization. The respective thickness was 65 μm for E and 1000 μm for E detectors. The telescopes were placed at a radial distance of 123 mm from the target. The large segmentation of the E detectors (64 strips perpendicular to the beam direction) combined with the 8-fold segmentation (parallel to the beam direction) of the E detectors, resulted in an average resolution of 0.28 degrees in polar angle. The angular range covered by the telescopes and two of the E detectors was ∼ 35-50 degrees in the laboratory frame, while the two remaining E detectors were placed close to 90 degrees (0 degrees in the center-of-mass system), where the elastic scattering cross section is largest and closest to the Rutherford cross section. Tritons were discriminated from other charged particles by their E-E energy deposition behavior on a particle-identification plot [28] .
For each detected triton, the corresponding excitation energy of 131 Sn was calculated using binary-reaction kinematics. The resulting excitation-energy spectrum is shown in Fig. 2 , together with the low-energy levels of 131 Sn. The configurations of these states, deduced from β-decay [29] , are generally assigned, in ascending order, to a single hole in the neutron d 3/2 , h 11/2 , s 1/2 , d 5/2 and g 7/2 orbits. The FWHM energy resolution of the calculated excitation energy is ∼ 240 keV for individual telescopes and ∼ 270 keV for the summed spectrum in Fig. 2 , sufficient to resolve the stronger peaks, but not the 0-65-keV doublet. The two largest peaks in Fig. 2 correspond to the 0-65-keV doublet [29] and the 332-keV excited states, respectively. Most of the counts in the lower energy peak are likely to come from the population of the d
11/2 state is unfavored by the large angular momentum transfer (5h). In the fit, the fixed parameters were sigma, the centroid of the 65-keV peak and the ratio of the amplitudes of the 0-and 65-keV states. The amplitude ratio was determined from the integrated cross-sections for the d 3/2 and h 11/2 orbits calculated in the distorted-wave Born approximation (DWBA) over this angular range, assuming full occupancy for both orbits. For the (3/2 + ) and (1/2 + ) states, the current assignments are consistent with the differential cross sections measured in this work. Triton angular distributions for the 0-65-doublet, 332-and 1654-keV states were extracted from Gaussian fits to the excitation energy spectrum at different angles. For the unresolved doublet only one Gaussian was fitted and the data analyzed as the summed distributions of d 3/2 and h 11/2 orbits. The triton angular distributions were converted to absolute cross sections using the normalization determined from the elastic scattering of deuterons from the target [18] . Deviations from the Rutherford scattering differential cross section at these energies and angles are less than 5%. This technique greatly reduces the uncertainties in the number of target deuterons and beam ions (bypassing the need to know the initial target thickness and content, and directly accounts for beam-induced carbonization of the foil) [38] . The triton angular distributions were compared with DWBA calculations, using the code TWOFNR [42] . Empirical spectroscopic factors are deduced by scaling the DWBA distributions to the experimental data. In the case of pick-up reactions, like the present (d, t) case, S indicates the level of filling of the orbit from which the neutron was removed; so, in a simple shell model picture, S lies between 0 and 2 j + 1.
The DWBA calculations carried out in this work treat the finite range of the (d, t) transition potential using the local energy approximation [43] , with a finite-range parameter 0.845 fm, and a < d|t > vertex normalization constant, D 0 , of −163 MeV fm 3/2 [44, 45] . Perey-Buck-type non-localities [46] are included in the deuteron and triton distorting potentials with non-locality parameters of 0.54 and 0.25 fm, respectively. The deuteron and triton optical model potentials of Daehnik et al. [47] and Becchetti (as described in [48] ) were employed. The radius and diffuseness parameters of the Woods-Saxon potential wells used for the neutron bound states were 1.25 and 0.65 fm, respectively. The experimentally deduced spectroscopic factors provide a good indication of the relative spectroscopic strengths of the populated states.
Insight can also be gained by comparing the experimental spectroscopic factors with those of neutron single-hole states in, e.g., 207 Pb [49, 50] Fig. 3(b-d) . The distribution shown in Fig. 3 (b) is that of the unre- A general definition of the average spherical nuclear potential for neutrons is given by [4] :
where V 0 and V ls are respectively the central and SO potential strengths, and where f (r) is a radial function of central WoodsSaxon type:
where R = r 0 A 1/3 and r 0 and a are the radius and diffuseness parameters. In this model, the SO interaction is of necessity a surface term. By approximating V ls (r) to a δ function at the nuclear sur-
where R(R) is the amplitude of radial neutron wavefunctions at the mean nuclear radius R. For orbits bound from a few MeV up to 10 MeV, the dimensionless quantity R those observed in stable nuclei [4] . It follows that so increases linearly with ( + 1/2), with the expectation that the quantity so /( + 1/2) is nearly the same for strongly bound orbits.
The so values for the 3p, 2d and 2 f orbits in 132 Sn are plotted as a function of in Fig. 4 (a) , where the energies of the p and f orbits are from Ref. [17, 19] . The experimental uncertainties for the tin data depend on possible unobserved states; however, the large spectroscopic factors revealed by both transfer measurements, and the doubly-magic character of 132 Sn, indicate that a significant fragmentation of the single-hole strength among several levels is very unlikely, and an average uncertainty of ±150 keV was adopted, from comparison with 208 Pb and the discussion in
Ref. [54] .
The ( + 1/2) proportionality is described by the straight line in Fig. 4 (a) , scaled to the so of the 2d 5/2 and 2d 3/2 orbits, with respective binding energies of −9.007(4) and −7.353(4) MeV [35] .
The weakly bound neutron 3p and, to a lesser extent, the 2 f orbits deviate from the linear proportionality, with the largest reduction shown by the 3p data. The 208 Pb energy splittings presented in Fig. 4 (b) illustrate the same effect. In this case, it is the weakly bound 3d neutron orbits that exhibit the largest deviation. The observed splittings are well reproduced by the calculations labeled "Woods-Saxon", performed using the potential of In addition to the neutron data, it is interesting to point out that, assuming a single-proton configuration for the low-lying states in 133 Sb and 131 In, the so of the strongly bound proton 2p
and 2d orbits in 131 Sn (respectively 988 [32] and 1680 keV [54] inferred from γ -ray spectroscopy measurements), would also lie close to the straight line in Fig. 4 (a) . The same observation holds true for the strongly bound 2d proton-orbit in 208 Pb.
The dependence of so /( + 1/2) on the binding energy of individual orbits was calculated by varying the depth of the central potential V 0 , keeping V ls unchanged, and it is shown for 132 Sn and 208 Pb, respectively in Fig. 4 (c) and (d) , where the symbols correspond to the experimental data. The calculations illustrate that so /( + 1/2) is nearly constant for strongly bound orbits, and rapidly decreases when the binding energy is less than ∼ 3 MeV, with the largest drop shown by the low-orbits. Due to the weak binding and the low centrifugal barrier, the wavefunctions of loworbits extend far outside the nucleus and are characterized by large r.m.s. radii and lower radial amplitude (R(r)) at the nuclear surface (this is true also for s orbits). This is illustrated in Fig. 5 The remarkable match between data and calculations provides direct evidence that the SO potential is dominated by the surface derivative, which leads to a reduction of the energy splitting of the weakly bound low-orbits. This evidence impacts on the current discussion on the possible weakening of the SO interaction in exotic, neutron-rich nuclei. Unlike previous experimental works [15, 16] where the reduction of SO energy splitting in neutron-rich nuclei was examined by comparing different isotopes, the analysis of the different so of strongly and weakly bound orbits belonging to the same doubly magic nucleus dispenses with uncertainties linked to the comparison of different systems.
In conclusion, neutron-hole states in 131 Sn were populated us- The energy splitting of the neutron 2d 3/2 and 2d 5/2 SO partners in 131 Sn was extracted and examined together with those of 3p and 2 f in 133 Sn [17, 19] , revealing a ∼ 50% lower so /( + 1/2) for the weakly bound 3p orbits. The SO energy splittings can all be reproduced remarkably well by one-body potential calculations similar to those of Refs. [12, 16] , using the same SO potential strength for all orbits. This measurement shows that a large reduction of SO energy splittings can arise from the extended radial wavefunctions of weakly bound orbits, without invoking a weakening of the SO strength. The comparison of different SO-partner orbits in the same neutron-rich nucleus gives a new viewpoint to investigate changes of the SO interaction. This work is the first consistent study of the SO splitting of deeply and weakly bound orbits in the same nucleus (being an exceptionally good doubly magic nucleus helps minimize uncertainties pertaining to the energies of single-particle orbits), studied under essentially identical conditions (beam energy, facility, instrumentation), and applied away from stability in the vicinity of r-process nucleosynthesis. Reduced SO energy splittings can be expected to occur also in nuclei in still unexplored regions of the nuclear chart, which in turn impacts nuclear astrophysics. As many of the relevant r-process nuclei are currently inaccessible to spectroscopic study, it is crucial to reliably predict their neutron-capture cross sections. Correctly accounting for the SO energy splitting in loosely bound neutron-rich systems is in fact critical to predicting the energies and ordering of the low-states which drive the DSD neutroncapture cross sections. Finally, in order to further examine the SO splitting of proton orbits, it is important that single-particle and single-hole states in 133 Sb and 131 In are studied via transfer and/or knock-out reactions. While the purity and intensity of postaccelerated 132 Sn at HRIBF are as yet unmatched, the advances in radioactive-ion-beam production will hopefully enable these measurements before long. Fast nucleon-removal reactions on a light target, such as those of Ref. [55] , may offer an alternative approach to obtain the required information in future studies.
